ABSTRACT: Effects of increased MP supply on the degree of periparturient relaxation of immunity (PPRI) in sheep may be dependent on quality of supplied MP. Here we tested the hypothesis that additional MP supply from rations based on xylose-treated soybean meal would be more effective than from rations based on faba beans in reducing the degree of PPRI, as indicated by nematode egg excretion. Twenty-four multiplebearing ewes were trickle infected with Teladorsagia circumcincta larvae from d −56 to d 31 relative to start of lactation (d 0). From d −26 onwards, ewes were fed at either 0.8 (LP) or at 1.2 times their respective calculated MP requirements using either xylose-treated soybean (HPS) or faba beans (HPB). Litter size was adjusted to 2 lambs at parturition. Feeding treatments did not affect nematode egg excretion, ewe BW or BCS during late pregnancy (P > 0.10), but HPS and HPB ewes had reduced plasma pepsinogen concentrations (P = 0.003). During lactation, HPS and HPB feeding increased ewe BW gain (P < 0.001) and BCS (P = 0.017), and reduced plasma pepsinogen concentrations (P = 0.008) to the same extent, compared with LP feeding. However, only HPS feeding increased litter weight gain (P = 0.017) and reduced nematode egg excretion (P = 0.015), which were both similar between HPB and LP (P > 0.10). The results support the view that extra MP supply from xylose-treated soybean based rations is more effective in reducing parasitism than MP from faba bean-based rations, suggesting that protein source and/or quality are important factors to consider for the nutritional control of parasitism.
INTRODUCTION
Periparturient relaxation of immunity (PPRI) occurs in many mammalian species (Houdijk et al., 2001a) and plays a key role in small ruminant nematode parasite epidemiology. It is characterized by increased fecal egg excretion and/or worm burden in periparturient ewes relative to non-reproducing counterparts (Barger, 1993) , rendering ewes a main source of infection for their lambs. The degree of PPRI may be sensitive to MP supply (Coop and Kyriazakis, 1999) ; levels 20 to 30% greater than the theoretical requirements of uninfected sheep may be required to achieve maximum milk production and maintain immunity to parasites Sykes and Kyriazakis, 2007) . This is attributed to the increased MP requirements during a parasitic infection, as immune responses draw on protein resources (Li et al., 2007) , and extra MP is required for the repair and/or replacement of parasitism-induced damaged and/or lost host tissue (Kyriazakis and Houdijk, 2006) .
A between-study qualitative comparison (Sakkas et al., 2010) suggested that the greater the proportion of RUP in the additional MP offered, the more pronounced the reduction in parasitism. Thus, MP supplementation from cottonseed meal (Kahn et al., 2003) , urea (Wallace et al., 1998; Knox and Steel, 1999) , conventional soybean meal (Keatinge et al., 2003) and sunfl ower meal (Van Houtert et al., 1995) appears less effective in reducing parasitism than supplementation with xylosetreated soybean meal (Houdijk et al., 2000 (Houdijk et al., , 2001b (Houdijk et al., , 2005 or fi sh meal (Donaldson et al., 1998 (Donaldson et al., , 2001 , which provide more RUP (Hazzledine, 2008) . This has yet to be tested within a study. Therefore, we tested the hypothesis that additional MP supply from xylose-treated soybean meal-based rations would be more effective than that from faba bean-based rations in reducing the degree of PPRI and promoting host performance, as the former provide more RUP than the latter.
MATERIALS AND METHODS
The experimental details described below were approved by the Animal Experiment Committee of Scottish Agricultural College (ED AE 18/2009) and carried out under Home Offi ce regulations (PPL 60/3782).
Animals and Housing
Twenty-fi ve 4-to-5-yr-old Bluefaced Leicester × Scottish Blackface ewes (Mules), scanned for pregnancy and bearing twins or triplets, were used in this experiment. The ewes were recruited from the same fl ock mated to Suffolk rams and had similar genetic background and common grazing history. The experiment lasted 87 d (i.e., from d −56 to d 31; d 0 was start of lactation). Ewes were individually housed during the experiment, in pens sized ~1.5 m × 2.0 m. The shed received natural illumination and was naturally ventilated. Fresh wood shavings was used as bedding and added daily. Fresh water was supplied ad libitum and water troughs were checked and cleaned daily.
Feeding Treatments
The experiment consisted of 3 periods: mid pregnancy (d −56 to d −26), late pregnancy (d −26 to d 0) and lactation (d 0 to d +31). The latter 2 periods were collectively termed the periparturient period (d −26 to d 31). The mid-pregnancy period was an adaptation period, aiming to reduce body protein reserves before the allocation to the periparturient feeding treatments, because increased body protein reserves can minimize effects of dietary MP scarcity on PPRI (Houdijk et al., 2001c) . During mid-pregnancy, all ewes were offered ad libitum hay and 250 g of a commercial ewe pellet. On d −26 ewes were allocated to 1 of the 3 feeding treatment groups, which were balanced for initial (d −56) fecal egg count (FEC), BW and BCS. Feeding treatments were designed to supply 0.9 times the estimated ME requirement and either 0.8 (LP, n = 8) or 1.2 times the estimated MP requirement using xylose-treated soybean meal SoyPass (Target Feeds, Whitchurch, UK; HPS, n = 8) or faba beans (HPB, n = 9) during the periparturient period through restricted feeding (see below). The 1.2 level of MP was used to ensure that ewes met their requirements, as current estimates of MP requirements (Agricultural and Food Research Council; AFRC, 1993) do not take into account the additional MP requirements arising from parasite exposure (Houdijk et al., 2001a; Kyriazakis and Houdijk, 2006) .
To estimate ME and MP requirements during pregnancy, we assumed a litter birth weight of 10.3 and 12.4 kg for twin-and triplet-bearing ewes of this genotype respectively, no maternal BW gain (Houdijk et al., 2005) and 20.4 g MP/d for wool growth (AFRC, 1993) . Litter size was standardized to twins at birth. We assumed similar requirements for wool growth during lactation, maternal BW loss of 100 g/d and milk yields of 3.3 in the fi rst, 3.6 in the second and 3.9 kg/d in the third and fourth week of lactation, respectively . All MP and ME requirement estimates were based on AFRC (1993) recommendations. The HPS and HPB were formulated through including a required amount of SoyPass and colored faba beans (variety Fuego) at the expense of nutritionally improved straw from the LP treatment, varying barley levels to maintain the mass balance in combination with minor changes in soyoil and mineral sources to keep the rations iso-energetic and at similar levels of macro minerals, respectively. Approximately one third of the daily allowance consisted of medium-quality hay and two-thirds of concentrates (Table 1) , on as fed basis, during both pregnancy and lactation, which were offered in 3 approximately equal portions on a morning-afternoon-evening basis. The daily lactation allowance offered was gradually increased over a 3-d period after parturition until the calculated lactational allowance was reached.
Feed samples were collected every day during the experiment during the weighing of daily allowances, and were pooled by feeding treatment before chemical analyses for DM, NDF, ADF, acid-hydrolysable ether extract, Ca, P, S and AIA (see below). Dietary ME and MP contents were calculated using the AFRC (1993) recommendations on feeding level effects, and CP, fermentable ME, RDP and RUP contents were estimated from feed composition tables (Hazzledine, 2008) . Table  1 presents the ingredients and the calculated and analysed chemical composition of all experimental rations used.
Experimental Infection
Ewes were naturally infected with predominantly Teladorsagia circumcincta. All ewes were kept indoors throughout the experiment and their naturally acquired infection was superimposed by a trickle infection of T. circumcincta infective larvae (L3). The T. circumcincta strain used was the Moredun ovine susceptible isolate that has been maintained in the laboratory for several years. During late pregnancy and lactation a stepwise increase of the infection dose was applied to mimic increases in infection pressure experienced under grazing conditions arising from pregnancy and lactation associated increases in grass intake (Table 2) . Each infective dose was suspended in 10 mL water and administered using 10 mL syringes, 3 d/wk (Monday, Wednesday and Friday) from d −56 until d 31 during the morning hours.
Observations
Animal Performance. The ewes were weighed at d −56 and then weekly from d −42 onwards, as well as within 12 h of parturition. The lambs were weighed within 12 h after birth and weekly afterwards. The body condition of the ewes was scored weekly, by lumbar palpation on a 0 to 5 scale, and to an accuracy of a quarter, as described by Russel (1984) . As the ewes were fed restrictedly, refusals were expected to be minimal. However, those that did occur were weighed back to calculate achieved intake of DM, ME, RDP, RUP, and MP.
Fecal Egg Count and Daily Nematode Egg Output. After the initial FEC on d −56, FEC were performed twice a week from d −49 onwards. Post-lambing FEC was also assessed on samples collected within 12 h after lambing. The FEC were determined in the feces as eggs per gram of feces (epg), by a modifi ed fl otation method (Christie and Jackson, 1982) using polyallomer centrifuge tubes to collect the nematode eggs from the meniscus. In addition to FEC, daily nematode egg excretion was also assessed to account for potential variation in feces production, which may affect FEC per se as the FEC is a concentration measure (Vagenas et al., 2007; Houdijk, 2008) . To calculate mean daily nematode egg excretion during lactation, total tract DM digestibility was analyzed through the use of in-feed AIA as a marker (Keulen and Young, 1977) . To this effect, feces were collected directly from the rectum of all ewes for 4 consecutive days during lactation (d 23 to d 26), pooled per individual ewe and kept frozen at −20°C before DM and AIA analysis as described by Keulen and Young (1977) . Similarly, diet samples from the same days were pooled per feeding treatment for AIA and DM analyses. Assessed total tract DM digestibility and fecal DM contents were then used to calculate averaged daily fresh feces production during lactation from achieved mean DM intake. Averaged daily fresh feces production (g/d) was then multiplied by average FEC (eggs/g) to result in mean daily nematode egg excretion during lactation (eggs/d).
Plasma Samples. Blood samples (10 mL) were collected on a weekly basis from the jugular vein of the ewes into heparinized vacutainers (Becton Dickinson, (Hazzledine, 2008) 8 Predicted using AFRC (1993) assumptions 9 Predicted from chemical analysis and in vitro digestibility (Thomas et al., 1988) 10 AHEE = acid-hydrolysable ether extract Oxford, UK) from d −56 until the end of the experiment on d 31. The plasma was separated by centrifuging for 15 min at 1340 × g at 4°C and stored at −20°C pending analyses. Plasma was analyzed for pepsinogen
concentrations. In addition to this, ewes were also monitored for risk of twin lamb disease during late pregnancy with weekly blood sampling to assess beta-hydroxybutyrate (BHOB). Ewes with BHOB concentrations above 2 mmol/L were considered at risk and were given propylene glycol as an external energy source until their BHOB concentrations declined below 2 mmol/L.
Statistical Analysis
All data collected over the periparturient period for individual ewes were re-arranged from calendar date to day relative to parturition before analysis. This was done to account for the infl uence of small differences in parturition dates on the data obtained during the periparturient period. Results obtained during the periparturient period were analyzed separately for late pregnancy and lactation as they were considered to be very distinct in relation to the quantity and composition of feed offered, as well as to the ewe physiological state. One LP ewe reared only 1 lamb, and her data were omitted as litter size greatly infl uences the degree of PPRI (Houdijk, 2008) . The mean observed daily DM intake, calculated ME, RDP, RUP, and MP intake, RUP/MP ratio, daily nematode egg excretion, as well as ewe and litter ADG (g/d) were analyzed through GLM using feeding treatment as a factor. Signifi cant feeding treatment effects were located through contrast statements under GLM. Ewe and litter ADG (in g/d) was estimated by linear regression. Ewe BW, BCS, litter BW, FEC, and concentrations of plasma constituents were analyzed using repeated measures GLM to assess possible interactions between feeding treatment and time. Final ewe BW, BCS, and plasma constituent measurements taken at the end of the adaptation period, and mean FEC during the adaptation period, were used as covariates for the analysis of periparturient ewe BW, BCS, plasma constituents, and FEC/daily nematode egg excretion, respectively. When feeding treatment interacted with time, GLM was carried out on each time point to locate the interaction. Least squares means with SED are reported unless otherwise stated. FEC and total daily nematode egg excretion were transformed via log (x + 1) before statistical analysis. These are reported as backtransformed least square means, accompanied by backtransformed values of log-transformed mean minus or plus its standard error. All statistical analyses were performed using Genstat (VSN international, Hemel Hempstead, UK).
RESULTS

Energy and Protein Intake and Total Tract DM Digestibility
Table 3 presents i) the achieved average DMI, ii) the estimated daily intakes ME, RDP, RUP and MP, iii) the RUP/MP ratio, and iv) total tract DM digestibility of the lactation feed offered. Achieved DM and calculated ME intakes were not affected (P > 0.55) by the dietary treatments during both late pregnancy and lactation. Calculated RDP (g/d) intake was not affected (P > 0.54) by the feeding treatments during late pregnancy. However, during lactation, RDP intake was greater in HPB than HPS ewes (P < 0.001), which, in turn, tended to be greater than that in LP ewes (P = 0.094). Calculated RUP (g/d) intake and RUP/MP ratio were greater during both late pregnancy and lactation for HPS than HPB ewes (P < 0.01), which were both greater than in LP ewes (P < 0.001). Achieved calculated MP intake during late pregnancy and lactation were similar in HPB and HPS ewes (P = 0.34 and P = 0.55, respectively), and both greater than in LP ewes (P < 0.001). Total tract DM digestibility during lactation was similar for HPB ewes and LP ewes (P = 0.65), but were both lower than for HPS ewes (P < 0.01).
Fecal Egg Count and Daily Nematode Egg Output
During the adaptation period, FEC gradually increased from 122 (95 to 158) epg on d −56 to 253 (210 to 304) epg on d −26 (P < 0.001, paired t-test). Figure 1 shows periparturient FEC. During late pregnancy, FEC were not affected by feeding treatment (P = 0.70), time (P = 0.11) or the interaction between feeding treatment and time (P = 0.74). During lactation, FEC were affected by feeding treatments (P = 0.015), but not by time (P = 0.42) or their interaction (P = 0.82). The HPS ewes had less mean FEC during lactation than both LP (P = 0.005) and HPB ewes (P = 0.063), and FEC of LP and HPB ewes did not differ (P = 0.19). Likewise, nematode egg output during lactation was affected by feeding treatment (P = 0.001), averaging 0.6 (0.5 to 0.7), 1.2 (1.1 to 1.5) and 1.7 (1.4 to 2.0) million eggs per day for HPS, HPB and LP ewes, respectively. Mean daily nematode egg output for HPS ewes was less than that for LP (P < 0.001) and HPB ewes (P = 0.006), and HPB and LP ewes did not differ (P = 0.17).
Plasma Constituents
During the adaptation period, plasma pepsinogen increased from 0.56 ± 0.04 IU/L on d −55 to 0.93 ± 0.10 IU/L on d −27, and urea concentrations decreased over this period from 3.7 ± 0.11 mmol/L to 2.7 ± 0.15 mmol/L (P < 0.001). Plasma albumin concentrations increased slightly from 25.6 ± 0.51 to 26.5 ± 0.34 g/L (P = 0.01). (Figure 2c) concentrations. During late pregnancy, plasma pepsinogen concentration was affected by feeding treatment (P = 0.003), but not by time (P = 0.28) or their interaction (P = 0.46); the similar concentrations for HPS and HPB ewes (P = 0.11) were less than that for LP ewes (P < 0.001). Urea concentration was affected by feeding treatment (P < 0.001) and time (P < 0.001) but not by their interaction (P = 0.12); it differed between each feeding treatment (P < 0.05) and decreased as gestation progressed. Albumin concentration was affected by feeding treatment (P = 0.049) and time (P < 0.001) but not by their interaction (P = 0.14). It was less for HPB than HPS ewes (P = 0.016) and decreased (P < 0.001) as gestation progressed.
During lactation, plasma pepsinogen concentration was affected by feeding treatment (P = 0.008) and time (P = 0.003) but not their interaction (P = 0.87). The similar concentrations for HPS and HPB ewes (P = 0.63) were consistently less than that for LP ewes (P < 0.01), and overall pepsinogen concentrations tended to decrease with time. Urea concentration was affected by feeding treatment (P < 0.001), time (P < 0.001) and their interaction (P = 0.005). The similar urea concentrations for HPS and HPB ewes (P = 0.20) were greater than that for LP ewes (P < 0.01), and increased with time. Albumin concentration was not affected by feeding treatment (P = 0.13) or by the feeding treatment and time interaction (P = 0.27), but increased with time (P = 0.001).
Ewe and Litter Performance
During the adaptation period, ewe BW gradually increased from 71.8 ± 1.30 kg on d -56 to 75.8 ± 1.31 kg on d −27 (P < 0.001), and ewe BCS decreased over this period from 2.5 ± 0.07 to 2.3 ± 0.05 (P = 0.008). Figure  3 shows periparturient ewe BW (Figure 3a) , ewe BCS Table 3 . Least squares means for observed daily intake of DM and calculated daily intake of ME, RDP, RUP and MP and the RUP/MP ratio during late pregnancy and lactation, and total tract DM digestibility during lactation, of multiple bearing Mule ewes, trickle infected with Teladorsagia circumcincta and fed at either 0.8 (LP, n = 7) or 1.2 times their respective MP requirements using either xylose-treated soyabean meal (Target Feeds, Whitchurch, UK; HPS, n = 8) or faba beans (HPB, n = 9) ( Figure 3b) , and litter BW (Figure 3c ). Feeding treatment did not affect gestational ewe BW (P = 0.72) or BCS (P = 0.44) whereas they were both affected by time (P < 0.01) as the ewe BW increased with the progression of gestation and their BCS decreased. There were no signifi cant interactions between feeding treatment and time for gestational BW (P = 0.54) or BCS (P = 0.38).
Lactational ewe BW and BCS and litter BW were all affected by the feeding treatment and time interaction . Plasma pepsinogen (a), urea (b) and albumin (c) concentrations of ewes, trickle infected with Teladorsagia circumcincta and fed at either 0.8 (LP, @, n = 7) or 1.2 times their assumed metabolizable protein requirements using either SoyPass (Target Feeds, Whitchurch, UK; HPS, C, n = 8) or faba beans (HPB, G, n = 9) during late pregnancy and early lactation. Feeding treatment affected pepsinogen and urea during pregnancy and lactation (P < 0.01) and albumin during pregnancy only (P < 0.05); time point specifi c feeding treatment effects are indicated with +P < 0.10 or *P < 0.05.
(P = 0.017; Figure 3a) . Ewe BW loss (P = 0.11) and fi nal BSC (P = 0.77) did not differ for HPB and HPS ewes. Feeding treatment signifi cantly affected litter BW from d 16 onwards (P < 0.05; Figure 3c ) resulting in greater HPS litter weight gain (602 g/d) compared with both HPB litters (538 g/d) and LP litters (493 g/d; SED 34; P = 0.017). The HPB and LP litter weight gain was similar (P = 0.20).
DISCUSSION
We hypothesized that a high MP ration based on SoyPass (xylose-treated soybean meal) would be more effective in reducing the degree of PPRI in sheep than a high MP ration based on faba beans. This would arise from the greater RUP/MP ratio in SoyPass compared with faba beans. Although there have been indications that protein sources with greater RUP may be more effective in controlling PPRI (Sakkas et al., 2010) , this is tested here for the fi rst time within the same experiment. Our results do not reject the hypothesis; HPS feeding reduced the degree of PPRI and improved lactational performance, whereas HPB feeding failed to reduce parasitism or increase litter weight gain, although it resulted in greater ewe BW gain and BSC and decreased concentrations of pepsinogen. The improved performance and reduced PPRI and plasma pepsinogen concentrations of HPS ewes compared with LP ewes is in agreement with previous studies where Soypass (Houdijk et al., 2000 (Houdijk et al., , 2001b (Houdijk et al., ,c 2003 (Houdijk et al., , 2005 Kidane et al., 2009 Kidane et al., , 2010 , fi shmeal (Donaldson et al., 1998 (Donaldson et al., , 2001 or cottonseed meal (Kahn et al., 2003) were used. Therefore, the discussion below focuses on the responses observed from HPB compared with HPS feeding.
Predicted ME and analysed CP contents of the rations used were on averaged respectively ~8 and 17% less than book value estimation (Hazzledine, 2008) . This suggests that calculated ME, RDP, RUP and MP intakes were likely to have been overestimated. However, the animal performance and plasma urea concentrations observed suggested that the intended contrasts between rations in terms of MP supply were achieved. The greater concentrations of plasma urea and increase of both ewe and litter weight gain on HPS suggested that as expected, MP supply from LP was scarcer than that from HPS. On the other hand, the greater concentrations of plasma urea and the increase of ewe BW gain only on HPB suggested that its similar calculated MP supply may have been of lower quality than that from HPS, arising from a reduced calculated RUP/MP ratio. The latter has indeed resulted in reduced milk production (Mikolayunas-Sandrock et al., 2009) , and high faba bean diets may also decrease milk protein content (Trommenschlager et al., 2003) , which could have additionally reduced litter weight gain. Although it cannot be excluded that the decreased HPB digestibility could have led to a slightly less true MP but also ME intake, the latter is unlikely to have affected the outcome, as PPRI appears to be sensitive to protein but not to energy supply (Donaldson et al., 1998; Sakkas et al., 2011) .
The absence of an effect of MP nutrition on FEC during late pregnancy is consistent with our earlier studies (Houdijk et al., 2000 (Houdijk et al., , 2005 , and may arise from mobilisation of AA from body tissues in response to LP feeding to support fetal growth (McNeill et al., 1997) . In agreement to our hypothesis, HPB feeding did not signifi cantly reduce FEC and daily nematode egg excretion during lactation, although we did observe that the similar pepsinogen concentration of both HPB and HPS ewes was consistently less than that of LP ewes. Because increased concentrations of pepsinogen indicate greater degree of abomasal damage (Stear et al., 1999; , the decreased pepsinogen concentrations of HPB and HPS ewes suggests that additional MP from both rations restored abomasal integrity, at least to some extent. The presence of HPB effects on pepsinogen but not on FEC may not only be due to aforementioned possibly reduce MP availability from HPB, but also arise from variation in MP quality, defi ned as its AA composition. The relatively unbalanced AA profi le of microbial protein, compared with that of animal protein in general and immune-proteins such as such as infl ammatory agents, mucins and antibodies, in particular (Houdijk and Athanasiadou, 2003) , may account for their limited effect on reducing PPRI. This view is supported by recent fi ndings that performance and resistance to parasites in lactating rats may be sensitive to specifi c essential AA scarcity in high protein diets (Sakkas et al., 2012) . Current estimates of MP requirements have been derived from animal studies, where health challenges, including parasitism, were carefully avoided (AFRC, 1993) . The fi ndings of our study suggest that the AA composition of the protein required during a health challenge might be different, and may need to be taken into account when considering the responses of (lactating) animals during parasitism.
In conclusion, this study supports the view that the additional MP supply from xylose-treated soybean meal based rations but not from faba bean based rations reduced the degree of PPRI, suggesting that protein source, and by extension AA composition of its MP yield, may be an important issue to consider in non-chemical parasite control strategies in small ruminant production systems (Coop and Kyriazakis, 2001 ). Further research to assess variation in the ability of protein sources to improve host resistance to gastrointestinal nematodes is required, especially if reliance on imported soybean meal is to be reduced. This could include processing (e.g., toasting, pressure toasting and pelleting) to improve RUP supply
